Development of a 3D CFD model to investigate the effect of the mixing quality on the CNG-diesel engine performance by Yusaf, Talal & Yusoff, Mohammed Zamri
  
1
DEVELOPMENT OF A 3D CFD MODEL TO INVESTIGATE THE EFFECT OF THE MIXING QUALITY ON THE 
CNG-DIESEL ENGINE PERFORMANCE 
 Yusaf T. Zamri M. 
COE, UNITEN, 43009 Kajang, Selangor, Malaysia 
talal@uniten.edu.my 
 
INTRODUCTION 
 
ABSTRACT:  
 
In this paper Computational Fluid Dynamics (CFD) analysis software (CFD-ACE) is used to investigate flow 
behaviour of methane and air in a CNG-air mixer to be used for CNG-Diesel dual fuel stationary diesel 
engine. The results of the simulation show that, the eight-hole mixer give superior performance as compared 
to the four-hole mixer. Further analysis were then done on the eight-hole mixer to investigate the effect of 
engine speed on the mass flow rate of CNG and λ (ratio of actual to stochiometric air fuel ratio). The second 
half of this paper represents a compression results between the performances of a single cylinder research 
Compression Ignition CI engine; i) fuelled with Compressed Natural Gas-diesel system and conventional CI 
engines fuelled by conventional diesel. The engine was equipped with the simulated 8 holes Venture mixer, 
the results shows that there is significant reduction of the exhaust gas emission components such as NOx, CO 
and CO2. in comparison to the conventional diesel engine. This work shows that by using dual fuel system 
(with Venturi mixer) NOx, CO and CO2 concentrations in the exhaust gases were, on average, reduced by 
54%, 59% and 31% respectively. The average power output from the engine operating at dual fuel was 10% 
higher than that operating on diesel over the tested range of engine speeds. 
 
Introduction 
 
 
The world growing concerns on the pollution of the environment has resulted in many efforts being done 
towards reducing the emission of conventional diesel engine vehicle. One of the techniques that can be used 
to reduce the emission without too many modifications is by using CNG-Diesel dual fuel system. CNG 
contains mostly Methane (CH4), which is well known of its low NOx emission. Moreover, many researches 
have indicated that CNG has petrol-diesel like efficiency with much lower emissions of NOx and particulate 
matter.  
 
In conventional diesel engine, diesel is injected into the combustion chamber at extremely high pressure 
shortly before top dead centre. This fuel is atomized and heated by contact with the hot charge in the cylinder. 
As a result, it rapidly undergoes pre-flame reactions and self-ignites. The most practical way of converting 
diesel engine to accept CNG is by installing CNG-air mixer at the air inlet before the combustion chamber. In 
this arrangement, the mixture of air and CNG will be admitted into the combustion chamber along with the air 
intake and compressed, while the diesel is used as a pilot in maintaining the flame inside the combustion 
chamber.  This dual-fuel system is convertible to 100 % of diesel or a mixture of CNG and diesel. 
 
Some modifications need to be done in dual fuel system. The main modification is to reduce the compression 
ratio since the compression ratio of diesel engine is very high. This is necessary because CNG has a low 
ignition temperature and will easily self-ignite at moderately high pressure. Reduction in compression ratio 
can be achieved by either making groove on top of the piston or by inserting a thin plate just below the 
cylinder head. Both methods effectively increase the clearance volume of the combustion chamber. 
 
As the combustion efficiency is directly proportional to the degree of homogeneous mixing, it is important to 
make sure that the air and CNG are homogeneously mixed prior to entry to the combustion chamber. This is 
achieved by using carefully designed CNG-Air mixer. CNG-air mixer is also needed in metering the correct 
proportion of CNG and air.  
  
2
 
In the first part of this paper Computational Fluid Dynamics (CFD) analysis software (CFD-ACE) is used to 
investigate flow behaviour of methane and air in the mixer. The aim is to design a mixer that will give 
homogeneously mixed mixture prior to the entry to the combustion chamber. Previously, two-dimensional 
CFD simulations were done (4). Two different mixers were investigated, four-hole venturi mixer and eight-
hole venturi mixer. The effects of engine speeds on λ were also investigated. Then, in the second part, 
experimental investigations were performed by using the eight-hole venturi mixer. The results are compared 
with the conventional CI engine fuelled by 100 % diesel.  
 
DESIGN OF CNG-AIR MIXER 
 
The purpose of a mixer is to mix a proper amount of fuel with air before admission to engine cylinder. The 
mixing is very important in dual-fuel engine, as it will provide a combustible mixture of fuel and air in the 
required quantity and quality for efficient operation of the engine under all conditions (1). The mixing process 
inside a mixer is influenced by several factors such as the engine speed, the vapourization characteristics of 
fuel, the temperature of the incoming air and the design of the mixer. 
 
The mixer must always operate on lean fuel since in diesel engine, the combustion efficiency is normally 
high, about 98%, at this condition. In diesel engine, only compressed air enters during induction stroke. If the 
amount of the compressed air is high, the probability of its reacting with the diesel is very high. However, if 
the mixer is operating in rich fuel, the amount of the compressed air cannot be completely burned with the 
large amount of diesel. In other word the combustion efficiency is very low. 
 
The best approach is to mix CNG and air just before entering the air intake valve. Since both fluids are in 
gaseous state, they can easily mixed without any external force.  
The mixer used in the present work is of venturi type. Air enters the mixer through the main inlet, whereas, 
fuel enters through small holes located at the throat at 90 degree angle to the main flow. The geometry of the 
mixer was designed based on the procedures outlines in (2). The holes, each with diameter of 4 mm, were 
distributed evenly at the throat. Figure (1) shows the schematic diagram of the mixer. The corresponding 
values of the parameters are shown in Table (1). Figure (2) shows schematic drawing of the final 8-hole 
venturi mixer. 
        
Figure (1): Schematic drawing of 8-hole venturi mixer 
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CFD SIMULATION WITH CFD-ACE+ PACKAGE 
 
Computational Fluid Dynamics (CFD) is based on the numerical solutions of the fundamental governing 
equations of fluid dynamics namely the continuity, momentum and energy equations. The CFD-ACE+ 
software package was used to accomplish this job. CFD-ACE flow solver is a finite volume, pressure based, 
fully implicit code solving the 3D Navier-Stokes equations governing fluid flow and associated physics. The 
code is used for the modelling of a wide range of industrial problems involving fluid flow, heat transfer 
(including radiation), turbulence, mixing of chemical species, multi-step chemistry, two-phase flows, 
moving/rotating bodies and other complex physics. 
 
In the present study, multi-block structured mesh is used in all the simulations. The followings are 
assumptions made in the simulations : - 
  
• Turbulent flow -This involves the use of a turbulence model, which generally requires the solution of 
additional transport equations.  k-ε transport equation is used in this study. Three quantities; turbulent 
kinetic energy, K, dissipation rate, D and length scale, L are very important in specify the turbulence 
characteristics at the inlet. If K and D are specified, the value for L will be ignored. It is sometimes more 
convenient to provide a length scale instead of a value for the dissipation rate. The length scale that would 
be used for an internal flow is usually the inlet diameter or height.  
 
• Mixing flow without reaction - This requires the solution of additional equations for mixture fractions or 
species mass fraction. In this simulation, it is assumed that there is no reaction occurs between air and 
natural gas.  
 
• Incompressible – As the speed involved in reasonably low, it is adequate to assume that the fluids are 
incompressible. In the incompressible flow, the density of fluids is constant and it activates a pressure 
correction equation. 
 
• Air Inlet boundary -The condition needs to specify in inlet boundaries is the Fixed Velocity condition. For 
the fixed velocity condition, the flow solver determines the mass flow rate applied to each face of the 
boundary using the velocity specification, the pressure, the temperature and the fluid property density.  
 
• CNG inlet boundary - Fixed static pressure inlet boundary condition was used at the fuel inlets. By using 
this boundary condition type, the mass of the fuel inducted into the venturi will be part of the solution. 
Fuel will be inducted into the venturi because of the low pressure created at the throat. 
  
• Outlet boundaries - The Fixed Pressure outlet boundary conditions serves to anchor the system pressure 
and allow both inflow and outflow to satisfy continuity in the domain. Since fixed pressure outlet 
boundaries can also allow inflow, it is important to provide realistic values of turbulence quantities, 
temperature and mixture at these boundaries even though they are not required. These values are only 
used to evaluate diffusion at the boundary.  
 
In order to check the accuracy and consistency of the simulation, a simple case of air-flow in the venturi was 
simulated. Figure (2) shows the contours of pressure distribution at the mid plane and the pressure variation 
on the axis of symmetry. In this simulation, the inlet velocity was set at 1.5 m/s, whereas the exit pressure was 
set at –10 Pa. The predicted pressure at the throat is –11.8 Pa which agree very well with the value given by 
application of Bernoulli equation. 
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Figure (2) : The pressure variation along the venturi  for simple air flow case 
 
The Effect of Number of Holes on Mixing Efficiency 
 
The mixing efficiency is very important to determine the quality of combustion. A high combustion quality 
will produce low exhaust gas emission components. In dual fuel engine, the mixer should be design to be able 
to produce lean air-fuel mixture, as the diesel engine is compression ignition type running on the lean side. 
The air supplied with excessive CNG might produce incomplete combustion because the amount of 
hydrocarbon is high when it mixes with diesel. An incomplete combustion will produce high amount of CO, 
which is hazardous to the environment. Moreover, the excessive air will lead to high NOx emission. 
 
The mixing quality for 4 and 8 holes venturi has been investigated using CFD. The simulation was done for 
the same air inlet velocity and same outlet pressure of the real engine geometry. The inlet velocity of the air 
was determined theoretically by using procedures explained in (3). The inlet velocity is dependent on the 
engine speed. 
 
Figure (3) shows the concentration of CNG in the mixer for the 4-hole venturi. The corresponding diagram for 
the 8-hole venturi is shown in Figure (4). Comparing the two venturies, it can be seen that the mixing is more 
homogeneous for the 8-hole mixer. The mixing distance for 4-hole venturi mixer is long and even at the exit 
of the venturi the concentration ratio still has not reached equilibrium. However, for the 8-hole mixer, the 
concentration ratio reached equilibrium just a short distance from the throat. The amount of CNG injected in 
both mixers is also not the same. For the 4-hole venturi mixer, the total amount of CNG injected is 0.197 g/s 
compare to 0.079 g/s for 8-hole mixer. 
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Figure (3) :  CNG concentration for 4-hole venturi mixer 
 
 
 
Figure (4):  CNG concentration for 8-hole venturi mixer 
 
In order to investigate the effect of engine speed on the mass of fuel inducted into the mixer and hence λ, 
further simulations were done using 8-hole venturi mixer. As the engine speed affect the inlet air velocity, the 
air inlet velocity is varied. 
 
Figures (5), (6), (7) and (8) shows the distribution of CNG concentration in the mixer for engine speed of 250 
rpm, 500 rpm, 750 rpm and 1000 rpm respectively.  It can be seen that as the engine speed increases, the 
amount of CNG inducted into the mixer increases. Further analysis of the CNG concentration at the exit of the 
mixer revealed that the air-fuel ratio decreases and hence λ also decrease as the engine speed increases. The 
CNG is quite well mixed at engine speed of 250 and 500 rpm. However, at 750 and 1000 rpm the mixing was 
not completed at the exit of the mixer.   
 
Figure (5):  CNG concentration for engine speed of 250 rpm 
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Figure (6):  CNG concentration for engine speed of 500 rpm 
 
 
 
 
 
Figure (7):  CNG concentration for engine speed of 750 rpm 
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Figure (8): CNG concentration for engine speed of 1000 rpm 
 
 
 
 
 
Figure (9) the final product of the Venturi mixer 
 
 
ENGINE MODIFICATION AND EXPERIMENTAL WORK 
 
The second part of this project was included modifying an existing four-stroke single-cylinder diesel engine to 
operate using a dual fuel system. The most practical way of converting a diesel engine to accept CNG is by 
installing CNG-air mixer at the air inlet before the combustion chamber. In this arrangement, the CNG will be 
admitted into the combustion chamber along with the air intake charge, while the diesel is used as a pilot in 
maintaining the flame inside the combustion chamber [9]. Some modifications need to be done in dual fuel 
system. The design of the venturi-mixer used in this study was based on the CFD study as mentioned above 
[10]. An eddy-current dynamometer was used to apply variable torques to test the ability of the engine to 
produce power. Exhaust gas detector units were employed to study the concentration of exhaust gases 
components. 
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Figure (10) Engine test bed 
 
 
Power characteristics 
From the results of the study it was found that dual fuel system produced higher power than the diesel system, 
at engine speeds up to 3000 rpm. The maximum power achieved increased with the increase in speed to a 
maximum and then dropped as speed increases above 3000 rpm. This trend was observed for both dual fuel 
and diesel as shown in figure (11). At engine speeds beyond 3000 rpm, the power output from the diesel 
became higher than the power of the dual fuel; this due to knocking, which results from rapid combustion. 
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Figure 11. Power characteristics of the engine at maximum operation conditions. 
 
The energy input from the CNG for different torques at constant speed (2000 RPM) is illustrated in Table    
(1). The Emission factor of CO and NOx in g/kWh of electricity output at different loads for 2000 RPM is 
described in Table (2).  
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Table (1) Energy input from CNG for different torque values at 2000 RPM. 
 
Torque Energy input from CNG  
(kW) 
5 2.616 
10 5.233 
15 9.56 
20 7.85 
 
 
Table (2) Emission factor of CO and NOx in g/kWh of electricity output at different loads for 2000 RPM 
  
Torque CO (g/kWh) NOx (g/kWh) 
5 2.5 2.98 
10 2.68 3.1 
15 3.15 3.25 
20 4.12 5.36 
 
 
Results and Analysis of Exhaust Gas Emissions 
 
Oxides of Nitrogen 
 
Figure (12) compares the relationship between NOx emission and engine speed for diesel and dual fuel during 
the maximum operating conditions. It is clear that the dual fuel establishes an overall superiority over the 
diesel, and the NOx concentration in the exhaust gases for dual-fuel, on average, is lower by 54% compared to 
diesel.  
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Figure 12. Variation of NOx with engine speed under maximum operating conditions. 
 
     However during the no-load operating condition this trend is generally inverted. For the no-load operating 
conditions, figure (6), the NOx emission was higher with the dual fuel operation during high-speed compared 
to diesel operation. This is due to the higher air utilization and the faster combustion, which results in a much 
higher peak cycle temperature and greater production of NOx [6]. As the speed increases the diesel fuel engine 
is running at a lower air to fuel ratio compared to dual-fuel, which means the reduction of oxygen intake. 
Therefore, to reduce the NOx emissions for dual fuel the CNG injection should be increased. Another method 
is to reduce the airflow to make the mixture richer than that under normal dual-fuel operation. This can be 
done by throttling the intake air at light loads using high sophisticated equipment such as electrical control 
unit (ECU). Another solution is to mix CNG with only part of the incoming airflow [12]. Nevertheless, in the 
application of power generation the no-load conditions do not prevail for long periods, as it is the case of 
idling vehicles, hence their role is mostly down played. For the engine speed of 2000 rpm, which yielded 
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maximum torque, dual fuel has a clear cut superiority (less NOx), at all the applied torques, over the diesel. 
This is clearly displayed in figure (7). 
 
Carbon Monoxide 
      
For the maximum operating condition, the CO for dual-fuel is 59% lower compared to diesel. This is 
shown in figure (13). Generally, the dual-fuel runs better than diesel at maximum-load operating conditions. 
This shows that the dual-fuel can achieve better combustion at higher loads compared to diesel. 
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Figure 13. Variation of NOx with engine speed under no-load operating conditions. 
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Figure 14. Oxides of Nitrogen Emission versus Torque, for Dual-Fuel and Diesel at Constant Speed 2000 rpm 
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Figure 15. Variation of CO with engine speed under maximum-load operating conditions. 
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     The most important engine parameter influencing CO emissions is the equivalence fuel-air ratio. All other 
variables cause secondary effects. The CO emission from dual-fuel under light operating conditions tended to 
be higher than that of diesel as shown by Figure (16). Figure (10) confirms this conclusion; at constant engine 
speed of 2000 rpm, the dual-fuel starts to represent an improvement only at torques higher than 16 Nm. This 
is attributed to incomplete combustion, due to the fact that the flow of CNG to the combustion chamber is 
uncontrolled (un-throttled). In contrary to the CNG, the diesel fuel system uses nozzles to supply fuel; 
therefore diesel delivery is proportional to the pressure difference. When pressure is increased, more diesel 
fuel will be injected to the combustion chamber. As a result the dual-fuel becomes very rich and CO emission 
increases as the engine speed increases. This problem can be overcome by injecting less CNG into the 
combustion chamber or increasing the air intake using an air controller [13]. 
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Figure 16. Variation of CO with engine speed under no-load operating conditions. 
 
 
0
0 . 5
1
1 . 5
2
2 . 5
3
3 . 5
4
0 5 1 0 1 5 2 0
T o r q u e  ( N m )
C
O
 (%
)
D u a l - f u e l D i e s e l
 
Figure 17. Carbon monoxide emission versus torque, for dual-fuel and diesel at constant engine speed of 2000 
rpm 
 
Carbon Dioxide 
 
CO2 concentration in the exhaust gases is mainly a function of the chemical composition of the fuel and the 
availability of oxygen during the combustion process. Tests showed that the dual fuel gave lower CO2 
emission during all operating conditions. During the maximum operating conditions the dual fuel gave an 
average of 31% less CO2 emission compared to diesel as shown in figure (18). The no-load operating 
conditions resulted in 5% reduction in CO2 emission when using the dual fuel compared to the diesel, see 
figure (19). At constant engine speed of 2000 rpm, dual fuel gave lower CO2 emission at all the tested torques. 
Figure (20) shows that there was an average reduction of 18% compared to diesel. 
     The above results can be explained in the light of the fact that CNG consists mostly of methane, which is 
CH4 whereby diesel fuel is CnH1.8n, which means that for a molecule of carbon there is 1.8 molecules of 
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hydrogen exist in the diesel, whereas for methane one molecule of carbon is accompanied by 4 molecules of 
hydrogen. This indicates that the percentage of carbon in the methane or CNG is low compared to that in 
diesel. Thus the emission of CO2 for dual-fuel is lower than diesel fuel. 
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Figure 18. CO2 emission versus engine speed for dual fuel and diesel at maximum-load operating 
conditions 
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Figure 19. CO2 emission versus engine speed for dual fuel and diesel at no-load operating conditions 
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Figure 20 CO2 emissions versus torque for dual fuel and diesel at constant engine speed of 2000 rpm 
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CONCLUSIONS 
 
A CNG-air venturi mixer for CNG-diesel dual-fuel stationary engine has been designed using 3D CFD 
analysis. Venturies with four and eight holes have been simulated. It was found that 8-hole venturi mixer 
gives better mixing performance as compared to 4-hole venturi mixer. The effect of engine speed is to 
increase the proportion of mass of fuel inducted into the mixer and hence increasing λ.  
 
This study shows that the conversion of an existing small single-cylinder stationary diesel engine to a dual 
fuel system can be done with minimum modification. Tests showed qthat the emission of CO2 was less 
for dual-fuel compared to diesel at all operating conditions. Maximum-load operating conditions yielded 
higher reduction, 31%, compared to only 5% at no-load operating conditions. At maximum operating 
conditions both NOx and CO emissions were less for dual-fuel compared to diesel (by 54% and 59% 
respectively). However, at no-load operating conditions tests showed, generally, that diesel has an advantage 
over the dual-fuel. From power generation point of view, the no-load conditions are not significant since they 
do not prevail for long periods of time, as it is the case of idling vehicles.  It has been demonstrated, beyond 
doubts, that the use of dual fuel system for the CI power generation engines for instance, will have a positive 
impact on the health of the dwellers of these places, whether sellers or customers.  
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